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Abstract  
This paper introduces a new calibration and measuring machine RedCaM for 6 DOF with minimized trans-
fer error. As a parallel structure it profits from the fact that sensors errors are not chaining. The redundancy of 
sensors provides better accuracy, self-calibration property and very good ratio between errors of particular sen-
sors and resulting error of end effector position. Altogether it creates a new principle of measuring and calibra-
tion. The paper describes results of experimental measurements with the first prototype of RedCaM and their 
comparison with results of simulations. 
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1. Introduction  
The demand for precise positioning of modern machines is a well known fact. However 
despite of the high accuracy of manufacturing, design dimensions are usually not accurate 
enough for nonlinear transformations that are used in the control system. It is necessary to 
find out dimensions really manufactured. Direct measurements of real dimensions are often 
impossible, especially in the case of parallel structures, and then these have to be computed 
using indirect measurements. This process is called calibration and it is important especially 
for parallel machines [2]. 
Calibration is based on comparison of the real end effector position with position meas-
ured by machine drives. The real position is usually determined using external static artefact 
e.g ball-bar or ball-plate. Repeated identification of the tool position in the whole machine 
working space in such way is time-consuming and not very flexible process. Calibration and 
measuring machine RedCaM with 6 DOF can significantly improve it. 
 
2. RedCaM machine  
From the beginning the RedCaM machine was designed as a parallel structure with 6 DOF 
and redundant number of sensors. The main requirement was to minimize the ratio between 
resulting spatial error of machine’s end effector and positioning errors of installed sensors. 
Such requirement naturally gives the parallel structure an advantage over the pure serial struc-
ture with many chained sensors. 
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The other property – redundancy of sensors, means that the structure has more sensors 
than it is necessary for position determination. Synchronous measurement by more sensors 
replaces repetition of measurements using one sensor and increases measuring accuracy. This 
is important especially when dealing with moving objects because precise repetition of the 
motion is not always possible. 
The  second  advantage  of  redundancy  is  the  self-calibration  property.  The  demand  for 
flexibility and the modular system of our machine lead to the fact that some parameters, e.g. 
position of guidance, length of legs, differ for each individual mounting and must be cali-
brated. Due to sensor redundancy this can be computed without need of any external device 
just using information of RedCaM’s own sensors. Moreover the self-calibration can go on 
continuously during the standard working cycle of the machine and make real-time correc-
tions of machine parameters, e.g. due to heat dilatations etc. 
Three different structural variants of RedCaM (fig. 1) were deeply analyzed in terms of 
transfer error, collisions within a working space and calibrability (see next chapter). Finally 
the variant with three linear guidances was chosen for practical realisation.  
 
    
 
 
Fig. 1. Structural variants of RedCaM. 
 
The functional model (fig. 2) has three identical legs connected by a platform with three 
spherical joints. Each leg consists of a linear gauge with laser measurement, a trolley with two 
revolute joints and a rod.  
 
         
 
Fig. 2. RedCaM – functional model in laboratory of CMI. 
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3. Calibration and calibrability 
The problem of calibration is based on formulation of constraint equations between meas-
ured coordinates in joints and guides – s, dimensions of the mechanism – d and end effector 
position – v 
  0 v s d f = ) , , ( .  (1) 
Calibration algorithm [5], [3] uses Newton’s method modified for the overdetermined sys-
tems of nonlinear algebraic equations (more equations than unknown variables ≈ more posi-
tions than unknown machine dimensions). Dimensions of the machine - d are the same (con-
stant) for all positions but their real values differ from design values - d. The solution of cali-
bration problem is derived from the Taylor series of (1)  
  ( , , ) 0 d d d + + + = d s v f d s v J d J s J v ,  (2) 
where Jd is the matrix of partial derivatives of the (1) with respect to calibrated dimensions d, 
analogously Js , Jv are matrices of partial derivatives with respect to s and v. 
Hence 
  ( , , ) d d d d = - - - = d s v J d J s J v f d s v r  (3) 
and within the i-th iteration step there are computed following dimension corrections 
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New values of dimensions are then computed as 
  1 i i i d + = + d d d .  (5) 
This calibration process produces unique solution for the given data included variations in 
initial guesses of parameters – dimensions. Nevertheless during the practical calibration of 
different machine tools [6], [7], [8] it has been found out that parameters determined from dif-
ferent sets of calibration measurements vary significantly. The cause of this phenomenon is an 
interaction of inferior conditionality of linear systems solved during iterations of Newton’s 
method, measurement errors and errors of model simplifications regarding the real machine. 
Consequently it is very useful to acquire a deeper insight into relations between the parameter 
space and the space of calibration results. Based on this the concept of the calibrability was 
introduced [10]. Similar measures have been discussed in [1], [4], [11], however the novelty 
is the design usage of it. The calibrability is defined as  
 
T ( )
i i C cond = d d J J .  (6) 
The smaller value of calibrability C the more accurate determination of unknown real val-
ues of the manufactured dimensions d and the more accurate determination of the output co-
ordinates s, i.e. smaller resulting measurement errors. 
   
4. Simulation experiments  
Prior the real measurements simulation experiments were carried out. These experiments 
were focused especially on the transfer error. The precise data from simulated sensors were 
modified by randomly added error within the accuracy of real sensors.  Simulated statistical 
distribution of errors is shown in fig. 3. 
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Fig. 3. Simulation results. 
The distribution of simulated errors reflects the fact that measurements of translations us-
ing lasers are significantly more accurate than measurements of rotations using roughly scaled 
angular sensors. 
The resulting error of RedCaM’s end effector is shown in fig. 3. Note that the ratio of 
transfer error is max. 1:1. It means that the resulting errors are equal or even better than the 
largest error of each particular sensor. 
 
5. Real experiments  
5.1. Measurements with 9 sensors  
The measurements with prototype model of RedCaM were carried out in the laboratory of 
the Czech Metrological Institute. The contact measuring machine SIP CMM 5 was used as a 
reference.  The  RedCaM  was  equipped  with  laser  interferometers  RENISHAW  for  length 
measurements and rotational sensors LARM IRC 327 with 10 000 increments per revolute. 
The accuracy of sensors corresponds to simulations. The resulting error of end effector posi-
tion is shown in fig. 4. 
The accuracy of end effector position in space is 2.10
-4 m. That exactly matches the accu-
racy of sensors used and so the ratio of transfer error is 1:1. Even more important is the fact 
that results precisely correspond to the simulation. 
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Fig. 4. Measurement with 9 sensors. 
 
 
5.2. Measurements with 7 sensors  
In previous experiment we take account of the information from all 9 sensors of RedCaM. 
It is possible to decrease number of redundancy and use only 8 or 7 of them.  While the ma-
chine has 6 DOF with 7 sensors it is still redundant and has all the properties mentioned in 
chapter 2. But the results are much worse and the transfer error ratio is about 6:1, see fig. 5.  
 
 
 
Fig. 5. Measurement with 7 sensors. 
 
The lower number of redundancy caused worse calibrability. Estimations for the start of 
Newton’s method had to be more precise and even that the results did not reach the quality of 
results taken from 9 sensors.  
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6. Conclusion 
The calibration and measuring machine RedCaM with 6 DOF was briefly introduced with 
the first results of its functional model. Experiments proved very good ratio between errors of 
particular sensors and resulting error of end effector positioning. Very good correlation be-
tween the simulation and experiments was proved as well. The patent pending of the principle 
and  machine  is  in  progress  [9].  The  first  experiments  have  been  realized  with  functional 
model equipped with rotational sensors of lower accuracy. Now the more precise version of 
RedCaM is being prepared. Nevertheless the principal result is the above mentioned very 
good error transmission ratio. This is the result of sensor redundancy and parameter optimiza-
tion of mechanism considering calibrability as an objective function. The calibrability is be-
coming an important design criterion for machine tools with parallel kinematical structure. 
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